Quaternary and late Neogene volcanism is widespread in northeastern Australia, producing at least 397 eruptions covering more than 20,000 km 2 , including at least 20 flows over 50 km long. Despite this abundance of young volcanism, before this study numerous eruptions had tentative ages or were undated, and the area requires a comprehensive evaluation of eruption patterns through time. To help address these issues we applied multi-collector ARGUS-V 40 Ar/ 39 Ar geochronology to determine the age of four of the younger extensive flows: Undara (160 km long, 189 ± 4/4 ka; 2σ, with full analytical/external uncertainties), Murronga (40 km long, 153 ± 5/5 ka), Toomba (120 km long, 21 ± 3/3 ka), and Kinrara (55 km long, 7 ± 2/2 ka). Verbal traditions of the Gugu Badhun Aboriginal people contain features that may potentially describe the eruption of Kinrara. If the traditions do record this eruption, they would have been passed down for 230 ± 70 generations -a period of time exceeding the earliest written historical records. To further examine north Queensland volcanism through time we compiled a database of 337 ages, including 179 previously unpublished K-Ar and radiocarbon results. The compiled ages demonstrate that volcanic activity has occurred without major time breaks since at least 9 Ma. The greatest frequency of eruptions occurred in the last 2 Ma, with an average recurrence interval of <10-22 ka between eruptions. Activity was at at times likely more frequent than these calculations indicate, as the geochronologic dataset is incomplete, with undated eruptions, and intraplate volcanism is often episodic. The duration, frequency, and youthfulness of activity indicate that north Queensland volcanism should be considered as potentially still active, and there are now two confirmed areas of Holocene volcanism in eastern Australia -one at each end of the continent. More broadly, our data provides another example of 40 Ar/ 39 Ar geochronology applied to Holocene and latest Pleistocene mafic eruptions, further demonstrating that this method has the ability to examine eruptions and hazards at the youngest volcanoes on Earth.
Introduction
Quaternary and late Neogene volcanism in northern Queensland, Australia is widespread, covering >20,000 km 2 , and is noteworthy for an unusual abundance of exceptionally long lava flows, with at least 20 flows that exceed 50 km ( Fig. 1, 2 ) . Many of the eruptions have well-preserved geomorphic features, including cones, craters, lava levees, lava tubes, tumuli, pressure ridges, and fresh exposed lava surfaces (Fig. 2, 3 ) Atkinson, 2010) . These features indicate young eruption ages to remain uneroded in this low-latitude region with high-intensity rainfall (Fielding and Alexander, 1996; Alexander et al., 2001) . Geochronological analyses also indicate youthful volcanism, with the Toomba and Kinrara eruptions yielding K-Ar ages of considerably less than 100 ka (Table 1) , and are likely substantially younger, as the K-Ar results are considered maxima (Wyatt and Webb, 1971; Griffin and McDougall, 1975) .
A young age for Toomba is also indicated by radiocarbon ( 14 C) dating of material from beneath the flow (Stephenson et al., 1978) . Small carbonized stems and finer disseminated carbonized material found in the lava-baked sand and loam at the banks of the Burdekin River yielded acid-treated, uncalibrated conventional radiocarbon dates ranging from 2,390 to 13,100 BP, with six of the nine dates exceeding 10,000 BP (Stephenson et al., 1978) . The youngest three ages were interpreted as being contaminated by younger carbon, with the oldest uncalibrated age of 13,100 ± 200 BP considered the most closely related to burial under hot lava (Stephenson et al., 1978) . Nevertheless, these radiocarbon analyses are uncalibrated, and must therefore be re-assessed using modern calibration curves (Hogg et al., 2013) . The discrepancy between the radiocarbon and K-Ar results for Toomba also needs to be addressed.
To better constrain eruption ages in north Queensland, we undertook incremental-heating 40 Ar/ 39 Ar geochronologic analyses of four eruptions, targeting the youngest long flows: Undara (160 km long), Murronga (40 km long), Toomba (120 km long), and Kinrara (55 km long) (Fig. 2) . We have also compiled a chronologic database for the region, including 179 previously unpublished K-Ar and radiocarbon analyses, calibrated and reassessed the Toomba radiocarbon ages, and used this integrated dataset to examine the temporal history of volcanism in northeastern Australia.
Geological background
In this section we briefly outline how the volcanism in north Queensland fits into the broader picture of Cenozoic intraplate volcanism in eastern Australia. We then describe the geology of the four long lava flows analysed by 40 Ar/ 39 Ar.
North Queensland and Australian intraplate volcanism
The eruptions in north Queensland form part of the 1,600,000 km 2 of intraplate magmatism extending along the east Australian continental margin ( Fig. 1) (Johnson, 1989) . This activity spans the Cenozoic, with two main geomorphologic and petrologic types of edifice: central volcanoes and lava field volcanoes (Wellman and McDougall, 1974) , and a third, volumetrically minor type, the leucitite volcanoes (Wellman and McDougall, 1974; Cohen et al., 2008) . The central volcanoes become progressively younger from 34 Ma at Cape Hillsborough in central Queensland to 6 Ma at Macedon in Victoria, indicating passage over a hotspot or hotspots (Wilson, 1963) , which represents Earth's longest continental hotspot track ( Fig. 1) (Wellman and McDougall, 1974; Knesel et al., 2008; Cohen et al., 2013a; Davies et al., 2015) . The leucitites also become younger to the south, at a rate matching the central volcanoes . In contrast, the lava field volcanoes, with eruptions along the entire eastern margin of the continent (Fig. 1 ) and ages spanning from >60 Ma to the Holocene, have a much less systematic time-space distribution, and no age progression (Wellman and McDougall, 1974; Vasconcelos et al., 2008) .
The youngest volcanoes on the Australian continent -with eruptions in the Pliocene, Pleistocene, and Holocene -are all lava field eruptions, located in southeastern Australia, southeastern Queensland, and northern Queensland (Fig. 1) . The Pliocene-Holocene volcanism in southeastern Australia (the Newer Volcanics) and northern Queensland are both widespread, covering >19,000 and >20,000 km 2 , respectively (Stephenson and Griffin, 1976; Stephenson et al., 1998; Boyce, 2013) , while Pliocene-Pleistocene lavas in the Bundaberg area of southeastern Queensland cover less than 1,000 km 2 ( Fig. 1) (Johnson, 1989) .
The cause of the young lava field volcanoes in Queensland is not well known. They are not plume-derived, as there is no age progression (Whitehead et al., 2007; Cohen et al., 2013b) , and the plume that was responsible for the central volcanoes is currently located southeast of Victoria, on the southern side of Australia; a distance of over 2000 km away from the north Queensland eruptions (Fig. 1) . Edge-driven convection, asthenospheric shear, Paleocene rifting, and the influence of changing intraplate stress fields have all been considered as potential mechanisms for various lava field provinces in Australia (Lister and Etheridge, 1989; Demidjuk et al., 2007; Whitehead et al., 2007; Conrad et al., 2011; Sutherland et al., 2012; Davies and Rawlinson, 2014) . However, no single model satisfies all observations, and further investigation is required .
Geology of the long lava flows in north Queensland
The Undara hawaiite is the longest recorded Cenozoic flow in Australia, and one of the longest on the planet -it surpasses Hawaiian or Icelandic flows , is of similar length to the Pampas Onduladas flow in Argentina (Espanon et al., 2014) , and is only exceeded by lavas in the Columbia River Flood Basalts . The Undara vent is 1020 m above sea level and is the highest point of the McBride province (Fig. 2) . The vent is 425 m wide, has a summit crater 330 meters across and 60 m deep, but the vent only rises 10-40 m above the surrounding plain (Atkinson et al., 1975; Stephenson et al., 1998) . Lavas flowed in several directions, with the western branch of Undara exceeding 160 km from the source crater, while a second branch flowed 90 km north, and a third branch spread east; the entire flow covers about 1550 km 2 (Fig. 2) . Lava surface features are generally not preserved, but in rare places where surface features remain (i.e., cave floors or where buried) they are generally pāhoehoe, with only rare examples of 'a'ā Stephenson et al., 1998) . The Undara flow has spectacular examples of lava tubes, which insulated the lava from heat loss, aiding lava transport (Fig. 3a, b) Stephenson et al., 1998) . The lower portion of the Undara flow is notable for a feature called "The Wall" -a ridge 40 km long, typically 200 m wide, and rising up to 20 m above the surrounding lava level (Fig. 2) . "The Wall" has been interpreted as a lava inflation feature, and as a terrestrial analogue to sinuous ridges on Mars and the Moon (Atkinson and Atkinson, 1995; Stephenson et al., 1998; Atkinson, 2010) .
The Murronga flow, in the south-central McBride Province, has its source at Mount Tabletop, a group of three high symmetrical pyroclastic cones with summit craters (Griffin and McDougall, 1975; Griffin, 1977) . The lava flowed to the southwest, extending up to 40 km from the crater and covering 235 km 2 (Fig. 2) . The flow has a very rugged surface, with an intricate system of sharp ridges and depressions indicating several flow fronts and pulses of lava (Griffin and McDougall, 1975; Griffin, 1977) .
The Toomba eruption is the southernmost flow investigated in this study, being located in the Nulla province (Fig. 2) . The vent area is 4 to 5 km across and 100 m high, forming a low-angled but prominent block-strewn area with several low-angle pyroclastic cones (Wyatt and Webb, 1971; Stephenson et al., 1998) . The flow has several caves within 4 km of the vent area , and flows extend 120 km downstream, covering 670 km 2 (Fig. 2) . Surface features are well preserved, with widespread pāhoehoe (Fig. 3c, d) ; 'a'ā is found locally, but is absent from the most distal 10 km of the flow . The flow has a highly irregular internal topography due to flow inflation and pressure ridges , and these rugged surface features were noted by European explorers in 1845 (Leichhardt, 1847) . The lava chemistry changed during the Toomba eruption, ranging from early hawaiite, through basanite, hawaiite, and lastly highly porphyritic hawaiite (Burch, 1991; Stephenson et al., 1998) . There may be more than ten chemically distinguishable units (Burch, 1991) , although there is no field evidence for significant time breaks during emplacement (i.e., no greater than on the order of 100 years, Stephenson et al., 1998) .
The Kinrara volcano, on the southeastern side of the McBride province, has a well-preserved cone 30 m high comprised of interbedded pyroclastic material and thin (~0.5 m) lava sheets (Griffin and McDougall, 1975; Stanton, 1993; Stephenson et al., 1998) (Fig. 3e) . The cone has evidence for strong lava fountaining (Griffin and McDougall, 1975; Stanton, 1993; Stephenson et al., 1998) . The central crater is 300-400 m wide, 86 m deep (Fig. 3e) , and contains a solidified lava lake as well as terraces representing former lava levels . The flow has a complex system of lava tubes within 6 km of the vent . Basanite lavas extend a total of 55 km from the vent, with the last 20 km down the Burdekin River valley, covering an area of 173 km 2 (Fig. 2) . Original surface features of ropy pāhoehoe lava are preserved on the flow (Fig. 3f) , whereas 'a'ā surfaces are present within 20 km of the vent, within late-stage channelized flows . The flow has a rough internal topography, which proved a significant barrier to early European exploration (Leichhardt, 1847) and also later land use; the area retains much of the original vegetation cover, and has largely not been used for cattle grazing (Stanton, 1993) . There is no soil developed on the flow, and vegetation is only present in cracks extending to the underlying soil, indicating youthful eruption ( Fig. 3f) .
These four flows have particularly low gradients (0.2-0.4 degrees, . The extreme flow lengths is likely to have been assisted by topographic control, with the lava flowing down shallow drainage channels, being injected under surface crusts, and developing extensive lava tube systems .
Basement rocks in the region are a mixture of Palaeozoic or Proterozoic metamorphic, igneous, and sedimentary units, or early Cenozoic sediments, although for much of their length the long lava flows were emplaced onto earlier mafic units in the McBride or Nulla provinces (Fig. 2) . The units of early Cenozoic and older ages underwent variable, often extensive, degrees of lateritic weathering.
Methods
Rock samples were obtained from the Australian National University (ANU) archive collection, from specimens analysed by K-Ar (Wyatt and Webb, 1971; Griffin and McDougall, 1975) , which allows direct comparison between the existing K-Ar and new 40 Ar/ 39 Ar results. These samples were inspected in thin section, and chosen as they are largely free of xenoliths, devitrified glass, or amygdales (Wyatt and Webb, 1971; Griffin and McDougall, 1975) , although there are minor patches of olivine altering to iddingsite. The archived samples comprised chips 0.71-2 mm in diameter; in this study the material was crushed and sieved to 355-500 µm using a rotary disk mill, washed in water to remove dust, then treated in acid to dissolve the weathering phases that act as a source for atmospheric argon. Acid and water rinses were carried out in an ultrasonic bath at <50°C, and involved ~90 minutes in 3.5 N HCl, a ~10 minute rinse with Millipore water, ~30 minutes in 5% HNO 3 , and several rinses in Millipore water, each of ~10 minute duration, to ensure all acid was removed. After washing, the material was dried in an oven at <50°C and re-sieved to remove material <250 µm, with the fine fraction mostly comprising liberated olivine or pyroxene fragments. Groundmass separates (i.e., the crystalline matrix with alteration and phenocryst phases removed) were prepared via paramagnetic separation using a Frantz Isodynamic separator, followed by LMT heavy liquids and hand-picking under a binocular microscope to ensure only the freshest groundmass material remained.
Groundmass separates were then wrapped in Cu-foil and irradiated for 6.6 minutes (~396 seconds) at the 1 MW Cd-lined facility, TRIGA research reactor, Oregon State University, USA. The samples were co-irradiated with the neutronfluence monitor Alder Creek sanidine. After a cooling period of approximately two months, samples and neutron fluence monitors were analysed at the Scottish Universities Environmental Research Centre (SUERC), United Kingdom, on a GVI ARGUS-V multi-collector mass spectrometer (Mark et al., 2009 ) with a measured sensitivity of 7x10 -14 mol/V. For neutron fluence monitors Alder Creek sanidine, three crystals (each ~500 µm diameter) were combined in each aliquot; while for the north Queensland samples, typically 100-116 mg was analysed (Appendix A). A larger sample size of 285 mg was heated for the duplicate analysis of 74-82, in order to improve the analytical precision (by measurement of larger ion beams) for this very young material (Appendix A). Neutron-fluence monitors were loaded into a steel pan with circular wells 4 mm diameter; Queensland samples were loaded into copper pans with 13 x 13 mm square wells (35 x 35 mm for 74-82 duplicate). Care was taken to ensure the samples were presented as a monolayer (Barfod et al., 2014) .
Before analysis, the pans containing samples were baked under ultra-highvacuum at temperatures of <150°C for 3-4 days. All neutron-fluence and Queensland samples were heated using a Photon-Machines CO 2 10.4-10.8 µm laser. Neutron fluence monitors were fused in a single step, using a flat circular laser beam 4 mm wide with a total power of 15 Watts, while the Queensland samples were incrementally heated using a flat circular beam 3 mm wide. To enable equal exposure to the laser beam, the laser traversed under computer control over the sample for eight minutes, with a longer time of 23 minutes for the larger well used for the analysis of 74-82 duplicate. The released gases were cleaned by exposure to three SAES GP50 getters, two operated at ~450°C and one at room temperature. Cleaning time was 5 minutes for neutron fluence monitors, 23 minutes for most Queensland samples, and 33 minutes for the 74-82 duplicate. After cleaning, the gas was inlet to the mass spectrometer, where a fourth getter (NP10) operated at room temperature was located near the ionizing source. Additional details of mass spectrometer specifications and operations are found in Mark et al. (2009) .
Full-system background measurements were run before every analysis. Background levels for 40 Ar were typically <2.8 x 10 -15 moles, compared to typically 0.1-1.9 x 10 -13 moles for samples (Appendix A). Air shots were run frequently to monitor mass discrimination, with at least three air shots between every sample (Appendix A). All data regression was undertaken in MassSpec version 8.131. Mass spectrometer discrimination was calculated per AMU using the power law, the average 40 Ar/ 36 Ar value from all air pipette analyses ( 40 Ar/ 36 Ar of 296.89 ± 0.99, 1 standard deviation, n = 85), and an atmospheric 40 Ar/ 36 Ar value of 298.56 ± 0.31 (Lee et al., 2006) which has been independently confirmed by Mark et al. (2011) . We have used the Alder Creek sanidine age of 1.1891 ± 0.0008 Ma (1σ uncertainty) (Niespolo et al., in press) and the potassium decay constants reported by Renne et al. (2011) . Full details of other decay constants and irradiation parameters are contained in Appendix A. All uncertainties in Appendix A are reported at the 1σ level, while all age uncertainties in the text and figures are reported at the 2σ level. Age uncertainties in the paper are reported as age ± Y/Z, where Y is analytical precision and Z is the full external precision, including uncertainty from the neutron fluence standard and decay constants (e.g., Renne et al., 2013) . We note that in this study, adding the uncertainty in the neutron fluence standard and decay constants does not significantly increase the overall uncertainty of the measurements, as the small uncertainty due to the decay constants is negligible relative to the analytical precision for these very young samples.
Results
The analytical results are summarized in Table 1 , with incremental step-heating diagrams shown in Fig. 4 and 5, and isotope-correlation plots (which define inverse isochrons) in Fig. 6 . Multiple samples from the Undara, Toomba, and Kinrara flows were analysed to ensure the results were reproducible.
For all samples analysed, K/Ca values are generally between 0.5 and 1 for lowand medium-temperature steps, before sharply decreasing to <0.1 at high temperatures (Fig. 4, 5 ). This behaviour is consistent with the late-crystallizing K-rich material degassing first, with more Ca-rich plagioclase and pyroxene being degassed at high temperatures. Whole-rock potassium contents (from the K-Ar analyses) range from 1.34 to 1.76 wt% K (Table 1) . Percent radiogenic argon (% 40 Ar*) values range from a maximum of 47% for Undara to <4% for Kinrara (Fig. 4 , 5, Appendix A). GA5769 (Toomba, Fig. 5c ) yielded lower percent radiogenic values compared to the other specimens from that flow, with the extra atmospheric argon likely due to minor amounts of altered phases, mesostasis, or devitrified glass in this specimen.
All samples yielded highly concordant ages, forming very well defined plateaus; eight out of the nine samples have plateaus comprising 100% of the 39 Ar released (Fig. 4, 5 ). The only exception was the duplicate analysis of sample 74-82 (Kinrara, Fig. 5f ), which has a single discordant step at the highest temperature, although the plateau still comprises 98% of the 39 Ar released. The older age obtained for the hightemperature step may represent a small amount of excess argon (e.g., contained in olivine/pyroxene phenocrysts or disaggregated xenoliths) although the low amount of Ar released and occurrence in only one step make this possibility difficult to evaluate. All samples confirm with the plateau definitions of Fleck et al. (1977) and McDougall & Harrison (1999) , namely three or more contiguous steps that represent more than 50% of the 39 Ar released that overlap within 95% confidence.
The incremental-heating results from each lava flow are very reproducible; all plateau ages for each flow overlap within two-sigma uncertainty (Fig. 4, 5) . We have therefore combined the data from each flow for inverse isochron analysis, with the single non-plateau step excluded (Fig. 6) . The four samples yield single-population arrays on the inverse isochrons, and initial 40 Ar/ 36 Ar intercepts within uncertainty of atmosphere (Fig. 6) . With the exception of the excluded step from 74-82 duplicate (as discussed above), these characteristics are diagnostic of well-behaved samples that contain little or no appreciable excess or inherited argon, that have remained essentially undisturbed since eruption, and did not experience appreciable nuclear recoil during irradiation (McDougall and Harrison, 1999) . Because the samples are well behaved, we have combined all of the analyses from each flow (excluding the single outlier from 74-82 duplicate) and calculated weighted mean ages for each flow (Table 1) . As the trapped 40 Ar/ 36 Ar values are within uncertainty of the present-day atmosphere for all samples, we use the weighted mean results as the best age estimate for each eruption, which are: 189 ± 4/4 ka for Undara, 153 ± 5/5 ka for Murronga, 21 ± 3/3 ka for Toomba, and 7 ± 2/2 ka for Kinrara (Table 1 ). The young age for Kinrara is significant as it provides another example of 40 Ar/ 39 Ar geochronology applied to a Holocene mafic eruption (e.g., Wijbrans et al., 2011) .
Discussion

Comparison with K-Ar chronology
The use of the same hand samples for 40 Ar/ 39 Ar and K-Ar enables direct comparison between the techniques. The advantages of using incremental heating procedures to progressively degas samples and separate radiogenic from atmospheric reservoirs are evident with the much higher 40 Ar* in many of the 40 Ar/ 39 Ar steps, as compared to K-Ar where all the Ar must be extracted in one step. This observation is exemplified by the analyses from Undara, where the highest % 40 Ar* value recorded by 40 Ar/ 39 Ar was 47% (Fig. 4a, b , Appendix A), as compared to 6.4 and 16.9% for KAr (Table 1 ). The higher % 40 Ar* values from the incremental-heating 40 Ar/ 39 Ar analyses also likely benefit from two other factors. The first is the ability to analyse a much smaller aliquot (~100 mg vs. several grams for K-Ar), which allows for greater manual removal of weathered phases and non potassium-bearing minerals olivine and pyroxene, and improved analytical blanks. The second factor is the acid pre-treatment of the samples to further remove weathering phases such as iddingsite or calcitemineral phases that can be subtle or microscopic and difficult to fully separate manually, and are thus best removed chemically.
The comparison between the K-Ar and 40 Ar/ 39 Ar ages is generally good, especially considering the generally low levels of 40 Ar* in these samples (Table 1) . For Undara, the 40 Griffin & McDougall (1975) noted that material from Murronga proved challenging for K-Ar analysis as it contains a significant percentage of mesostasis, the effects of which would be minimised by the sample preparation (e.g., acid pre-treatment) and incremental heating techniques employed for 40 Ar/ 39 Ar geochronology (Fig. 4c) . Nevertheless, the average of the two K-Ar measurements (155 ± 30 ka) from Murronga is similar to the 40 Ar/ 39 Ar measurement. The results from Undara and Murronga show that 40 Ar/ 39 Ar and K-Ar can yield concordant results -at least in these two samples where no excess Ar or Ar loss was identified (Fig. 4, 6 ). On the other hand, 40 Ar/ 39 Ar ages for Toomba and Kinrara are younger than the K-Ar ages, confirming the conclusions of both Griffin & McDougall (1975) and Wyatt & Webb (1971) that the K-Ar measurements for these flows were maximum ages.
Comparison with radiocarbon results
Radiocarbon analyses were undertaken on carbonized wood in sediments beneath the Toomba flow (Stephenson et al., 1978) . Only a brief summary of the locality, samples, and analytical results were reported (Stephenson et al., 1978) , and additional information is required to evaluate radiocarbon results (van der Plicht and Hogg, 2006) . We have therefore found the full descriptions in the Australian National University archives and calculated calibrated radiocarbon ages (Fig. 7 , Appendix B) using the most recent calibration for southern hemisphere terrestrial samples, SHCal 13 (Hogg et al., 2013) .
The calibrated radiocarbon ages range from <2.5 to ~16 ka BP (Fig. 7) . As noted by Stephenson et al. (1978) , three of the results are young outliers (<7 ka BP), and when compared to the Toomba 40 Ar/ 39 Ar age (21 ± 3/3 ka, Fig. 7 ), can be excluded as being substantially contaminated by younger carbon. Although unfortunate, such contamination is not unexpected given the challenging sampling conditions, with: (1) modern rootlets present in the sediments (avoided as far as was possible); (2) moss covering exposed surfaces (also avoided); (3) the sampling site being inundated by the Burdekin River for approximately three months per year; and (4) the sediments remaining moist for the remainder of the year due to solar shielding by overhanging lava and the sediments acting as an aquifer. All of these factors increase the likelihood of contamination from carbon-bearing material younger than the Toomba lava.
Despite these challenges, the four older (>10 ka calibrated BP) radiocarbon analyses approach the 40 Ar/ 39 Ar eruption (and sediment burial) age for the flow (Fig.  7) , a commendable outcome for bulk radiocarbon analyses of challenging samples. Additional radiocarbon analyses employing accelerator mass spectrometry and modern sample-preparation techniques may therefore have an excellent chance of obtaining the burial age for sediments beneath the Toomba and Kinrara flowsespecially if sampling sites less susceptible to contamination could be found. New radiocarbon analyses would be beneficial because calibrated radiocarbon dates are more precise than 40 Ar/ 39 Ar analyses for these very young samples.
5.3: North Queensland volcanism in Aboriginal verbal tradition
The four 40 Ar/ 39 Ar ages conclusively show that voluminous mafic volcanism in north Queensland extended through the Pleistocene and well into the Holocene (Fig.  4, 5, 6 ). Aboriginal Australian peoples have lived on the continent for at least 50 ka (Thorne et al., 1999; Bowler et al., 2003) , and could therefore have witnessed the youngest eruptions in north Queensland, especially Kinrara. The eruption of Kinrara was a major volcanic event, possibly spanning many years , and it produced lava flows that extend tens of kilometres down the Burdekin River valley (Fig. 2) . As the Burdekin River is a prominent watercourse in a region that experiences long droughts and annual wet/dry seasons, it was therefore an area of higher human use than the surrounding countryside (Leichhardt, 1847) , and volcanic events in this valley would presumably have been highly memorable.
The Gugu Badhun Aboriginal people inhabited the upper Burdekin River valley in the eastern part of the McBride volcanic province (Hoolihan and Sutton, 1970; James, 2009) . One Gugu Badhun tradition recounts the earth being on fire along the watercourses, while a second tradition tells of a time when a witchdoctor made a pit in the ground and lots of dust in the air; people got lost in the dust, and died (Hoolihan and Sutton, 1970) . We speculate that these features could be consistent with the geology of Kinrara, which erupted from a crater (Fig 3e) , with ash-rich explosive activity, lava fountaining, and pyroclastic eruptions (Stanton, 1993) . The mention of people dying in the dust (potentially volcanic ash) may be significant, as it could indicate noxious gas emissions during the eruption, or asphyxiation in the ash.
Although it is not possible to prove that these traditions were inspired by the Kinrara eruption, we consider that this volcanic event is a plausible explanation for descriptions of dust (potential volcanic ash) emanating from a pit in the ground, and for an event that caused the earth to burn -particularly along watercourses. Other natural phenomena are less likely as explanations for the traditions -there are no known impact craters in northeast Queensland (i.e., to explain a pit with dust), while severe bushfires or dust storms would not be restricted to a single pit or just the watercourses.
If these verbal traditions do recount eruption of Kinrara, it requires the traditions to have been passed down for 7 ± 2 ka (Table 1) , spanning 230 ± 70 generations (at 30 years per generation, Tremblay and Vézina, 2000) . This is a remarkably long period of time, equalling or exceeding the oldest written historical records in Mesopotamia and Egypt (~5 ka, Woods et al., 2010) . Such longevity of verbal traditions has been hypothesised elsewhere in Australia, for events such as early Holocene sea level rise, volcanic activity in the late Pleistocene and Holocene, and potential meteorite falls (Smith, 1880; Hamacher and Norris, 2009; Murray-Wallace, 2011) . We suggest that a worthwhile topic for future research would be to further examine Aboriginal verbal traditions for features that may describe eruptions, which may reveal information about these volcanoes, as well as the longevity and detail of the verbal traditions themselves.
Eruption frequency in northern Queensland
From a hazards point of view, understanding eruption frequency and patterns of volcanic activity through time is an important facet in examining past eruptions, and assessing the potential of what could happen in the future. We have therefore compiled a database of all chronologic analyses from north Queensland (Fig. 8,  Appendix B) . This database comprises 337 individual analyses on 235 eruptive units, and includes 179 previously unpublished K-Ar and radiocarbon results. This database is therefore a valuable resource to examine north Queensland volcanism through time (Appendix B). This chronologic dataset for north Queensland, including the new 40 Ar/ 39 Ar ages from this study, demonstrate that volcanic activity in north Queensland has been on-going since at least 9 Ma, with no significant temporal gaps (Fig. 8) .
There are no spatial trends in the volcanic distribution, with essentially random distribution of ages with respect to latitude or longitude (Fig. 8) , confirming that this zone of intraplate volcanism is not plume derived. Significantly, the most volcanically active period is the last 2 Ma (Fig. 8) , with 91 dated eruptions, which equates to an average of one eruption every 22 ka.
The actual eruption rate in northern Queensland is more frequent than indicated by this calculation, as there are many undated eruptions. In particular, many of the youngest volcanoes have not been analysed, as they were considered too young to yield accurate results by K-Ar (e.g., Whitehead et al., 2007) . The lack of ages for young eruptions is exemplified by the Atherton province, which alone has at least 29 undated volcanoes that are likely <1 Ma, and in cases <<50 ka, based on their morphology (Whitehead et al., 2007) . An additional issue is that numerous units were considered unsuitable for K-Ar analysis due to the rigorous -and necessaryscreening protocol rejecting samples containing weathering phases, devitrified glass, or xenoliths (Wyatt and Webb, 1971; Griffin and McDougall, 1975; Coventry et al., 1985; Whitehead et al., 2007) . Older units, which have been exposed at the surface for longer, can be particularly affected by weathering. Older units can also be buried, or the flow boundaries obscured by weathering. The net result is that the existing chronology in northern Queensland is somewhat biased towards flows of intermediate age, with the youngest flows being under-represented as they have historically been the most challenging to analyse, while the oldest eruptions are under-represented due to their increased weathering, burial, and/or difficulty to map and sample as distinct units.
A further complication with the current chronology is the dominance of K-Ar analyses, which comprise >92% of the dataset (Appendix B). Although in ideal circumstances a K-Ar analysis will yield the same age as 40 Ar/ 39 Ar (albeit with the KAr analysis generally yielding poorer precision, e.g., Undara), if rocks contain excess Ar or have experienced Ar loss, the K-Ar system can yield results that are too old or too young, respectively (McDougall and Harrison, 1999) . Therefore, despite the considerable number of age analyses in north Queensland (Fig. 8, Appendix B) , there are likely still details of the volcanic history that may be obscured by gaps in the database and the lower precision and/or accuracy of the K-Ar system.
As an alternate, albeit approximate, estimate of eruption frequency, we have divided the number of mapped eruption points by the duration of activity. There are at least 306 recognised volcanic events within the McBride, Nulla, Sturgeon, and Chudleigh provinces , 54 in Atherton (Whitehead et al., 2007) , 18 in McLean, 14 in Piebald, 4 in Wallaroo, and one at Mount Fox (Stephenson, 1989) . There are therefore at least 397 eruption events in north Queensland -although this is still a minimum estimate given the potential for older structures to be buried or otherwise not mapped. These 397 recognized eruptions are largely from extant cinder cones and craters with prominent topographic exposure, and are dominantly less than ~4 Ma (Stephenson, 1989) , which equates to an average of one eruption every 10 ka. For comparison, this is only moderately less frequent than the eruption rate in the better-known Auckland volcanic field, which over the last 140 ka has on average ~3 ka between eruptions (Smith and Allen, 1993) , with as little as ~1.8 ka between eruptions around 30 ka ago (Bebbington and Cronin, 2010) .
We conclude that the average recurrence interval for volcanism in northern Queensland is less than 10-22 ka between eruptions, using two different calculation methods. We note that the actual eruption rate is likely more frequent than either of these estimates, as the numbers of eruptions dated and mapped are minimum values. Also, by analogy with other intraplate volcanoes (e.g., Auckland, Bebbington and Cronin, 2010) , the eruption frequency likely fluctuated through time. Nevertheless, the relatively short average recurrence interval, when combined with the youthfulness of the most recent eruptions like Kinrara (Table 1) and additional probable Holocene eruptions in the Atherton province (Whitehead et al., 2007) , indicates that volcanism in northern Queensland has the potential for future activity.
Ideally we would also investigate the lava flux through time, but such volumetric information for individual eruptions is not available for most north Queensland volcanoes. Where data is available in the Atherton province, increased magma output was observed from 3.5 to 3 Ma and 2 to 1 Ma (Whitehead et al., 2007) . Nevertheless, the presence of very long late Pleistocene and Holocene lava flows in the McBride, Nulla, Sturgeon, and Chudleigh provinces indicate these areas experienced significant magma production in the recent past.
Given the known spatial-temporal gaps and analytical challenges in the existing chronological and volumetric dataset, a comprehensive future campaign is required to fully establish the Quaternary eruption history in northern Queensland. The results of this study, and similar studies (e.g., Matchan and Phillips, 2014) indicate that multicollector 40 Ar/ 39 Ar incremental-heating of acid-treated samples is able to provide ages for young mafic volcanic events. If increased precision is required for the youngest eruptions, radiocarbon, thermoluminescence, or optically stimulated luminescence analyses may also be beneficial (e.g., Sherwood et al., 2004; Gillen et al., 2010) . We recommend that such an integrated chronological study, combined with detailed mapping of the region to find new flows/eruptions and an examination of erupted volumes through time, is required to evaluate the volcanic history and future hazard in north Queensland, Australia. Such a study would provide information on the frequency and eruption patterns at this long-lived region of intraplate volcanic activity.
Conclusions
Despite the Australian continent not being exactly synonymous with young volcanism, multi-collector 40 Ar/ 39 Ar chronology from four long lava flows in northern Queensland has conclusively confirmed that eruptions extend from the latest Pleistocene well into the Holocene. Ages obtained are 189 ± 4/4 ka at Undara, 153 ± 5/5 at Murronga, 21 ± 3/3 ka at Toomba, and 7 ± 2/2 ka at Kinrara (2σ, full analytical/external uncertainty). The Holocene eruption of Kinrara may feature in the verbal traditions of the Gugu Badhun people, which would indicate that these verbal traditions have been passed down for 230 ± 70 generations (at 30 years per generation). Our compilation of 337 age analyses on 235 volcanic events in north Queensland indicates an average frequency of <10-22 ka between eruptions. Since eruptions in the region have been on going since at least 9 Ma, volcanism in northern Queensland should be considered potentially active. There are, however, known gaps and analytical issues in the existing age dataset, so to fully and reliably evaluate the eruption frequency and volcanic hazard requires further chronologic investigation of this region.
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